Metabolic syndrome is defined as a constellation of metabolic disturbances that coexist in a subject. Due to its complex multi factorial etiology, metabolic syndrome causes damage to different organs, representing an increasing and significant global burden. Insulin resistance plays a central role in metabolic syndrome pathogenesis and underpins the majority of metabolic impairments, including the organ diseases that originate from metabolic syndrome. Regarding white adipose tissue, an altered adipokines profile in obesity characterizes a proinflammatory state, which is implicated in the pathogenesis of liver and cardiac disorders. Regarding the liver, nonalcoholic fatty liver disease is a benign disease that can progress towards liver fibrosis in the presence of persistent inflammation and increased oxidative stress. Concerning cardiovascular diseases, adipokines, reactive oxygen species and over activity of the renin angiotensin system play central roles. Another target organ of metabolic syndrome is the ovary, where polycystic ovary syndrome is also related to insulin resistance and can originate from adverse intrauterine conditions. The notion that maternal obesity can trigger metabolic syndrome in the fetus is alarming, given that it can be passed to other generations even if adequate nutrition is provided after birth. This review aimed to assess the main outcomes of metabolic syndrome in white adipose tissue focusing on insulin resistance and adipokines, the cardiovascular system, the liver and ovaries as well as fetal origins; this review also discusses some proposed pharmacological treatments to provide a better understanding of the related pathways in these secondary findings.
Introduction
Metabolic Syndrome (MS) is defined as a constellation of metabolic disturbances that coexist in a subject [1] . In 1988, Reaven first described MS as being characterized by the combination of Insulin Resistance (IR) and compensatory hyperinsulinemia, high levels of plasma triglycerides, low plasma levels of High Density Lipoprotein (HDL) and hypertension, all of which lead to a higher risk of cardiovascular diseases [2] .
Due to its complex multifactorial etiology, MS causes damage to different organs, representing an increasing and significant global burden [3, 4] . MS affects approximately 20% of the adult population in developed countries and at least 80% of people with type 2 Diabetes mellitus (T2DM) [5, 6] . IR, which plays a central role in MS pathogenesis and underpins the majority of metabolic impairments, is associated with systemic inflammation and reduced adiponectin levels [7, 8] . Recently, it has been widely accepted that MS has an intrauterine origin, given the increasing number of obese pregnant women with unhealthy eating habits [9, 10] .
The following secondary findings are often associated with MS: nonalcoholic fatty liver disease (NAFLD), polycystic ovary syndrome (PCOS), enhanced oxidative stress and endothelial dysfunction [1] . Adipokines, which are produced and released by White Adipose Tissue (WAT), play a pivotal role in the course of these secondary findings of MS and are implicated in IR development, in lipotoxicity and in the consequent ectopic fat deposition [7, 11] . This review also aimed to assess the main MS outcomes in WAT (focusing on IR and adipokines), the cardiovascular system, the liver and ovaries as well as fetal origins and some proposed pharmacological treatment to provide a better understanding of the related pathways in these secondary findings.
Adipose Tissue, Insulin Resistance and Adipokines

Adipose tissue
It is widely accepted that adipose tissue is a highly dynamic endocrine organ that secretes more than 600 bioactive substances termed "adipokines" and plays an essential role in regulating insulin sensitivity, energy metabolism and vascular homeostasis [12] . It has become clear that obesity promotes a state of chronic low-grade systemic inflammation in WAT. This chronic inflammation is deeply involved in IR, which is the underlying condition of T2DM and MS [13] . An inflammatory state develops in response to excessive nutrient influx into metabolic tissues including adipose tissue, liver, and skeletal muscle and is currently recognized as an important link between obesity and IR [14] .
Obesity results in excessive lipid accumulation in adipocytes and macrophages in WAT, which plays an active role in the development of IR through the release of Free Fatty Acids (FFAs), proinflammatory cytokines, and adipokines. Moreover, an increase of adipose tissue mass not only increases IR in obese subjects, but it is also closely related to abnormal glucose metabolism [15] .
Ectopic fat deposition occurs when adipose tissue cannot expand further to store excess nutrients. Thus, lipid accumulates in other tissues, leading to IR, cardiovascular complications and other lipotoxic effects such as apoptosis [16] . There is marked expansion of WAT, primarily indicated by adipocyte hypertrophy or enlargement due to an increased rate of lipolysis coupled with decreased lipid oxidation [17] . These conditions maximize pro-inflammatory cytokine secretion and the risk of IR [18] . baseline levels of resistin have significantly increased risk of developing T2DM, even after adjusting for other risk factors [37, 38] .
Leptin was the first of the adipokines discovered to play a role in the modulation of adiposity [39] . It is almost exclusively secreted from adipocytes, controls food intake and energy expenditure and has antiatherogenic and growth properties. Obesity is associated with increased leptin serum concentrations, which potentially contribute to the development of IR and MS [40] . In addition to its potential role as a mediator of IR, leptin has been identified as an important regulator of β-cell mass and cell survival [41] . Studies in leptin receptor-deficient Zucker Diabetic Fatty (ZDF) rats revealed that the reduction in β-cell mass is primarily due to an increased rate of β-cell death and is not related to proliferation [42] .
Retinol-binding protein-4 (RBP-4) was established as an adipokine in the 1990s and has been proposed to modulate systemic insulin sensitivity, being linked to inflammation IR, T2DM, dyslipidemia and similar metabolic abnormalities [43] [44] [45] . The RBP-4, a 21 kDa protein, is predominantly secreted by the liver but is also expressed in adipocytes [46] . However, increased RBP-4 serum concentrations have been shown to be the result of increased RBP-4 expression in visceral adipose tissue in patients with IR [47] . Increased circulating RBP4 concentrations has gained a lot of attention after first being shown in the serum of insulin resistant humans and mice in several metabolic complications such as obesity, IR, MS and abdominal fat distribution [47, 48] .
Tumor necrosis factor-alpha (TNF-α) is a potent proinflammatory cytokine and was the first WAT-derived inflammatory cytokine reported to be implicated in the initiation and progression of IR [49] . A key mechanism by which TNF-α induces IR involves the phosphorylation of Insulin Receptor Substrate-1 (IRS-1) [50] . Apart from its direct negative interference with insulin signaling pathway, TNF-α also indirectly induces IR by altering adipocyte differentiation and adipocyte lipid metabolism. TNF-α is known to promote lipolysis and the secretion of FFAs, which contribute to an increase in hepatic glucose production [51] .
Monocyte chemo attractant Protein-1 (MCP-1) is one of the key chemokines that regulate migration and infiltration of monocytes/ macrophages into sites of inflammation. It is expressed and secreted by adipose tissue [52] and acts through its receptor CCR2. The interaction between MCP-1 and its receptor CCR2 is pivotal in obesity-induced IR. Several studies have reported that mice with targeted deletions in the genes for Mcp-1/Ccl2 and its receptor Ccr2 have decreased adipose tissue macrophage content, decreased inflammation in the fat tissue, and protection from High-Fat (HF) diet-induced IR [53] . Adipose tissue expression of MCP-1 and circulating MCP-1 levels are increased in rodent obesity, suggesting that MCP-1-mediated macrophage infiltration of adipose tissue may contribute to the metabolic abnormalities associated with obesity and IR [54] .
Apelin (also known as APJ receptor ligand) is a peptide that has been recently identified and is secreted by both human and mouse WAT [55, 56] . It acts as an adipokine and plays a role in the regulation of glucose homeostasis; it may contribute to the link between increased adipose tissue mass and obesity related metabolic diseases. In humans, evidence of apelin regulation in the presence of impaired glucose metabolism is still controversial; apelin serum concentrations were shown to be higher in patients with obesity and IR [57] . On the other hand, other authors reported low apelin levels in obese subjects with newly diagnosed T2DM compared to non-diabetic individuals. Apelin serum concentrations correlate with hyperinsulinemia and obesity, suggesting that apelin may be another adipokine that mediates impaired adipose tissue function in obesity [57] .
Insulin resistance
Obesity and IR are the main hallmarks of MS; IR is a complex metabolic disorder, whose pathways are closely linked to changes in fatty acid uptake, lipogenesis, and energy expenditure, causing ectopic lipid deposition and the activation of the Unfolded Protein Response (UPR); the UPR regulates lipogenesis, allowing the expansion of the ER membrane and increasing the capacity of the ER to handle proteins. Moreover, in adipose tissue, UPR activation appears to regulate energy balance. Accordingly, activation of the UPR may primarily alter cellular lipid balance and, via the accumulation of lipid intermediates, alter insulin signaling [19] . IR is a major underlying feature of T2DM and is often linked to obesity and many other chronic metabolic abnormalities, including dyslipidemia, NAFLD, polycystic ovary syndrome, and hypertension [20, 21] .
Excessive adipose tissue plays a central role in the initiation of IR [22] . When there is IR in adipose tissue, adipocytes tend to hypertrophy and their appropriate physiological functions are inhibited [23] . Elevated circulating FFAs levels lead to increased availability of these lipids in peripheral organs such as muscle and liver [24] . Despite its multifactorial etiology, IR is highly influenced by adipokine secretion. Therefore, this review will focus on this relationship.
Adipokines and insulin resistance
Adipokines are active multiple metabolically important proteins secreted by adipose tissue [25] . Dysregulation of adipokines is recognized as a common factor in IR and MS [26] . Adipokines provide an important link between IR and obesity. Inflammation and adiposity cause IR by interfering with insulin signaling. The adipokines exert their effects on paracrine and/or autocrine signaling and contribute to the modulation of adipogenesis [27] . The obese adipose tissue is characterized by adipocyte hypertrophy and infiltration of inflammatory macrophages and lymphocytes, leading to the augmented production of pro-inflammatory adipokines, with proatherogenic effects and worse metabolic profile, including alterations in the levels of the leptin, resistin, IL-6 and TNF-alfa, visfatin, RBP-4 [26] .
Adiponectin is highly and specifically expressed in differentiated adipocytes and circulates at high levels in the bloodstream [28] . Adiponectin provides the required link between obesity and IR [29] . The insulin sensitivity, which is reduced in obese individuals, is improved by the actions of adiponectin. Adiponectin is an adipokine with insulin sensitizing and anti-inflammatory activities and exerts beneficial effects on metabolic and vascular functions. However, its production is severely reduced with obesity, and it is a unique adipokine in that its levels are inversely related to MS [12, 30] . Adiponectin expression is higher in subcutaneous tissue than in visceral adipose tissue [31] . Adiponectin is also anti-inflammatory; it suppresses Tumor Necrosis Factor (TNF) actions in NAFLD and inhibits NFκB and monocyte adhesion to endothelial cells [32] . In mice with transgenic overexpression, adiponectin was shown to have anti-obesity effects due to enhanced energy expenditure and impairment of adipocyte differentiation [33] .
Resistin was identified as an adipokine in 2001 and is highly expressed in abdominal WAT [34] . Resistin is secreted primarily by adipocytes in rodents and was initially proposed as a link between obesity and IR in rodents however, it is expressed and secreted from macrophage immune cells in humans and is increased under inflammatory conditions [7, [34] [35] [36] . Studies relating human resistin to IR or T2DM have produced conflicting results nevertheless, the prospective case-control studies have shown that people with elevated
NAFLD and NASH
In the last two decades, NAFLD and nonalcoholic steatohepatitis (NASH) have become the most common cause of liver disease in Western countries. NAFLD worldwide distribution is closely associated with diabetes and obesity, two conditions that have reached epidemic proportions in both rich countries and poor countries, affecting public health worldwide. It is estimated that for the next 5 years, NAFLD will increase by 26%, causing direct and indirect public health consequences [58] . NASH is the most severe histological form of NAFLD and is characterized by excessive accumulation of fat in triglyceride form (steatosis) in the liver (histologically above 5% of hepatocytes). While simple steatosis observed in NAFLD does not involve increased morbidity and mortality in the short term, the progression of this condition to NASH dramatically increases the risk of cirrhosis, liver failure, and hepatocellular carcinoma. In general, steatohepatitis is considered to be the hepatic expression of MS associated with diseases such as T2DM, IR, central obesity, dyslipidemia and hypertension. Hepatic lipid accumulation in NAFLD results from disturbances in lipid homeostasis and may contribute to the progression of NASH. It was previously described that high FFAs from lipolysis in WAT induces lipid accumulation in the liver through the activation of hepatic lipogenesis including de novo synthesis of FAs [59] .
FA synthesis is catalyzed by acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), and these enzymes are regulated by nuclear receptors including peroxisome proliferator-activated receptors (PPARs) and sterol regulatory binding protein-1 (SRBP1). Increased hepatic ceramide has been associated with progression of NAFLD; ceramides are members of the family of sphingolipids with important roles in cell signaling. Numerous routes have been correlated with the progression of NAFLD ceramides. Specifically, hepatic inflammation, in which ceramide leads to the emergence of mitochondrial dysfunction and an increase in ROS levels [60] . The increased generation of ROS may trigger an apoptotic process in hepatocytes, and consequently, the recruitment of inflammatory cells to the liver, leading to the emergence of a vicious cycle that amplifies hepatic inflammation. The elevated synthesis of lipogenic enzymes demand overwork by the Endoplasmic Reticulum (ER), leading to the condition known as ER stress. ER stress can also exacerbate lipid accumulation by the activation of lipogenesis through SRBP1. As we already know, NAFLD and T2DM have common pathological mechanisms. Thus, antidiabetic agents (especially insulin sensitizers) and lipid lowering drugs play a pivotal role in treating NAFLD or reducing its progression [61] .
Insulin sensitizers
One of the most used drugs that will be addressed in this review is metformin, which exhibits beneficial effects on lipid and glucose metabolism. At the molecular level, it inhibits the mitochondrial respiratory chain, leading to a transient decrease in energy. This fact promotes cell activation of adenosine monophosphate-activated protein kinase (AMPK), resulting in the inhibition of gluconeogenesis and hepatic lipogenesis, increased glucose uptake in muscle and increased the fatty acid oxidation in the liver [61] .
AMPK plays a central role as a regulator of cellular metabolism, which consists of a heteromeric complex catalyst consisting of three subunits: alpha, beta, and gamma. Because of its ability to regulate cellular metabolism, modulation of AMPK has become an important therapeutic target in NAFLD. Various drugs have been used in the treatment of type 2 diabetes [61] . However, as already mentioned above, metformin has been effective at altering the AMPK signaling pathway, resulting in the improvement of hepatic steatosis and fibrosis.
The mechanism by which the AMPK pathway is induced by insulin sensitizers demonstrates the specificity of these drugs in the alteration of mitochondrial function by binding to mitochondrial complex I, thereby converting ADP to ATP / AMP and inducing AMPK [62] .
Clinical trials show conflicting results, providing evidence that metformin improves metabolic features of NAFLD and may be useful in the long term in patients with NAFLD [63] . However, more clinical studies are necessary to ensure the effectiveness of this drug in modifying the natural history of NAFLD.
Thiazolidinediones (TZDs)
Thiazolidinediones sensitize cells to insulin (Yki-Jarvinen, 2004) and include troglitazone, rosiglitazone and pioglitazone [61] . The first two TZDs have been withdrawn from the market because of their significant side effects, while pioglitazone has been indicated for diabetes treatment in humans. TZDs act as agonists of the PPARγ, which is a member of the superfamily of nuclear receptors that activates the transcription of specific genes and is highly expressed in adipocytes and other tissues [64] . TZDs also activate AMPK and inhibit lipolysis. Pioglitazone was effective in the treatment of NAFLD by reducing hepatic steatosis. Clinical trials with pioglitazone have shown beneficial effects, showing a great promise in the treatment of NAFLD. These substances have been used in the treatment of T2DM to improve IR by direct and indirect effects on hepatic tissue such as altering the secretion of adipokines (decreased TNF-α and increased adiponectin) and the consequent improvement of insulin sensitivity in the liver [65, 66] .
GLP1 analogues
Glucagon-Like Peptide1 (GLP1) and glucose-dependent insulinotropic polypeptide (GIP) are two peptides, known as incretins, which are secreted from the gastrointestinal tract in response to certain nutrients, especially glucose. The incretins also inhibit glucagon secretion, contribute to the inhibition of hepatic glucose output and have antiproliferative effects on beta cells. The GLP1 has a very short half-life (1-2 min) due to rapid degradation by the enzyme, Dipeptidyl Peptidase 4 (DPP-4). There are two medicines known as incretin mimetics, exenatide and liraglutide, which are commonly used in T2DM. These drugs are GLP1 analogs and are resistant to degradation by DPP4, exhibiting a long half-life [61] .
DPP4 inhibitors
DPP4 is a ubiquitous enzyme that is expressed in all organs including the small intestine, biliary tract, exocrine pancreas, spleen and brain. This widespread organ distribution indicates that the DPP4 affects multiple biological processes, such as in the regulation of glucose metabolism, intestinal motility and appetite regulation. DPP4 inhibitors are used to treat T2DM due to their ability to increase the circulating levels of GLP1 [67] . Experimental evidence showed that sitagliptin, alone or combined with telmisartan, markedly reduced hepatic steatosis in a diet-induced obesity mouse model. It acted through enhanced hepatic beta-oxidation, reduced hepatic lipogenesis and increased density of mitochondria per area of hepatic tissue [63] . Several DPP4 inhibitors are already used in medical practice; these include alogliptin, saxagliptin, sitagliptin and vildagliptin. Patients with NAFLD have high liver levels of DPP4 compared to healthy individuals. Furthermore, the activity of serum DPP4 and liver DPP4 expression are negatively correlated with the degree of NAFLD [61] . of hyperlipidemia for primary and secondary prevention. These effects are a result of the inhibitory activity of statins on the enzyme hydroxymethylglutaryl CoA (HMG-CoA) reductase; statins block the conversion of the HMG-CoA substrate to mevalonic acid by inhibiting the early steps of cholesterol biosynthesis [68] .
Rosuvastatin is a new statin family member with greater efficacy at lowering LDL cholesterol that other statins at comparable doses [69] . Rosuvastatin was shown to have a greater number of interactions by binding to HMG-CoA reductase compared to other statins. Moreover, rosuvastatin also has a relatively long half-life and a high degree of selectivity for liver cells (primary site of cholesterol synthesis) compared with non-liver cells [70] .
Recent investigations have shown several important effects of statins, such as anticancer action, inhibition of bone reabsorption and increased availability of endothelial nitric oxide [71] . Recent studies have shown that statins have additional effects, with improvement in hepatic insulin sensitivity in animal models of diet-induced obesity and in humans [58, 59] . Given the pivotal role that IR exerts upon NAFLD development, beneficial hepatic outcomes are achieved with statin therapy. Our recent study showed that treatment with rosuvastatin promoted marked reduction in the hepatic expression of SREBP-1c, with decreased hepatic lipogenesis and reduced hepatic steatosis in an animal model of obesity [58] . However, the use of statins as a strategy in the treatment of IR and hepatic steatosis has not been extensively investigated.
Cannabinoid receptors
The cannabinoids exert their effects through two different cannabinoid receptors (CB1 and CB2), both of which are G proteincoupled. These receptors are involved in the development of hepatic fibrosis. Thus, studies have shown that marijuana use can be correlated with the progression of liver fibrosis. However, each receptor has different functions in the liver. The rCB1 and rCB2 are heavily involved in the progression of hepatic fibrosis [72] . Studies have shown that rCB1 antagonists have a significant effect in reducing liver fibrosis as well as in reducing body weight and in cardiac and metabolic parameter improvement in obese patients. Experimental and clinical data indicate that the activation of peripheral CB1 receptors promotes IR and hepatic steatosis; these findings pivotal in the development of NAFLD. Thus, the use of CB1 antagonists in the treatment of NAFLD and NASH may be a suitable approach [73] .
Other agents
A new drug used to target T2DM is called ipraglifozin (sodiumglucose cotransporter type 2 inhibitor in the kidneys), which was recently approved as an oral treatment of T2DM. A recent study in an experimental model investigated the effect of this new drug class on mice liver. It demonstrated a significant reduction in the markers of oxidative stress in the liver, resulting in significant improvement of liver enzymes after 4 weeks of treatment. Nevertheless, studies in humans are crucial for validating these findings [74] .
There is neither established treatment nor clinical evidence-based guidelines for the treatment of NAFLD and NASH. It is believed that more experimental and clinical studies are needed to better understand the natural history of NAFLD [74] .
Cardiovascular Diseases
A number of studies have reported that MS, a group metabolic risk factors, increase the risk for cardiovascular disease [75] [76] [77] [78] [79] .
Nordestgaard and Thomsen (2013) attached greater importance to overweight and obesity as risk factors for myocardial infarction and ischemic heart disease, regardless of the presence or absence of MS [80] . MS is defined as 3 or more of the following metabolic abnormalities: hypertension, dyslipidemia (hypertriglyceridemia and low levels of high-density lipoprotein cholesterol), increased waist circumference and diabetes mellitus (DM) [6, 80, 81] . Currently, the pro-inflammatory and pro-thrombotic states are also considered to be components of MS [82] [83] [84] .
Emerging evidence supports MS as a condition that favors adverse cardiac remodeling, which might evolve towards heart dysfunction and failure. This pathological remodeling has been implicated in the cardiac adaptive response to hypertension, dyslipidemia, and hyperglycemia coupled with inflammatory molecules and hormones [85] . The mechanisms underlying cardiac dysfunction in MS are complex and might include lipid accumulation, increased fibrosis and stiffness, altered calcium homeostasis, abnormal autophagy, altered substrate utilization, mitochondrial dysfunction and increased oxidative stress [86] [87] [88] .
Several intracellular signaling pathways have been investigated to characterize their role in cardiomyocyte modifications and potential injury associated with MS. Some hormones, such as aldosterone, angiotensin and insulin, as well as cytokines, such as Tumor Necrosis Factor (TNF) and Interleukin-6 (IL-6), have been shown to be potent inducers of cardiovascular alterations as well as cardiac fibrosis and cardiac hypertrophy [85, 88, 89] . Some studies have also reported the same components in MS, thus suggesting a possible link between mediators of cardiovascular disease and MS [85, 86, [89] [90] [91] .
The hormones, angiotensin and aldosterone, are part of the reninangiotensin-aldosterone system. The deleterious effects of angiotensin II are initiated after coupling with type 1 receptors. The type 1 receptor coupling activates protein kinase C and c-Src pathways. The activation of these pathways triggers the activation of NADPH oxidase (Nox1 and NOX2). The activation of these redox-dependent pathways produces reactive oxygen species. This leads to pathophysiological effects of angiotensin II, which include mitogenic, proinflammatory and profibrotic actions. In addition to the direct action on the heart, angiotensin II stimulates the formation of aldosterone in the adrenal gland. The action of aldosterone in cardiac cells is mainly related to the activation of mineralocorticoid receptors that can increase the cardiac Na+/H+ exchanger (pathway src-kinase phosphorylation and subsequent recruitment and activation of metalloproteinase receptor epidermal growth factor), contributing to hypertrophy of the heart. Moreover, the activation of aldosterone receptors can enhance the automaticity of the cardiomyocytes, generating atrial and ventricular arrhythmias through increases in the transcription of the voltage-gated T-type calcium channel [92] [93] [94] [95] [96] .
Insulin resistance and hyperinsulinemia have been correlated with an increased risk of heart failure. A high glycemic load stimulates insulin secretion and activation of insulin-signaling pathways, stimulating protein synthesis and decreasing protein breakdown, and might act as a growth factor in the heart, which could induce fibrosis, reactive oxygen species, and apoptosis, driving the development of heart failure. In addition, insulin may also play a key role in regulating fatty acid uptake via CD36 translocation, and the myocardial insulin resistance may specifically predispose cardiac mitochondria to reactive oxygen species [88, [97] [98] [99] . ejection fraction and ventricular dilatation. TNF alters the influx of calcium through the calcium channels, which are responsible for excitation-contraction. Furthermore, TNF induces apoptosis through a sphingosine-dependent mechanism or by interaction with specific proteins such as TRADD. TNF-α has also known to up-regulate IL-6 through a gp130 receptor ligand interleukin (IL)-6. It is believed that IL-6 activates a cardiac hypertrophic program through Janus kinase/ signal transducers [100, 101] .
MS has also been linked to oxidative stress, a consequence of a reduction in the antioxidant systems and an increase in the production of reactive oxygen species [102] [103] [104] . Just as in MS, numerous cardiovascular diseases are related to oxidative stress. The mechanisms for increased cardiac oxidative stress in MS are not fully understood but increased fatty acid oxidation, mitochondrial dysfunction and enhanced NADPH oxidase activity may be involved [87, 105, 106] . A major source of reactive oxygen species involved in both MS and cardiovascular pathophysiology is the NADPH oxidase enzyme [107] .
The contribution of ROS to the development of heart disease may be related to physical damage to the cellular and mitochondrial structures. Because the majority of ROS in heart failure originates from mitochondria, these organelles are the primary target of oxidative damage and, consequently, mitochondrial dysfunction. The activities of the mitochondrial electron transport chain are suppressed in heart failure, and disruption of mitochondrial bioenergetics function was found to increase ROS and oxidative DNA damage, providing a possible pathophysiological link between mitochondrial dysfunction and ROS. In addition to damaging cellular components, ROS regulate several signaling cascades, including the known hypertrophic pathways such as protein kinase C, mitogen-activated protein kinase, Jun N-terminal kinase, and Ras [88, [108] [109] [110] [111] .
Balderas-Villalobos et al. (2013) demonstrated an important role of elevated reactive oxygen species levels upon depressed SERCA activity in cardiomyocytes, which, in turn, has been reported to affect cardiac function [112] . The authors explain this event by the fact that elevated production of ROS in metabolic syndrome myocytes is paralleled by prolonged electrically stimulated Ca transients and slowed SERCAmediated sarcoplasmic reticulum Ca reuptake. In addition, treatment of MS myocytes with an antioxidant agent normalizes ROS production and SERCA2-mediated sarcoplasmic reticulum Ca2 reuptake [112] .
Another potential mechanism for cardiac insufficiency in MS is the oxygen wasting due to energy use for noncontractile purposes through uncoupling protein activation, which increases the reactive oxygen species production and, subsequently, oxidative stress. Mitochondrial dysfunction has been identified in a number of models of obesity and diabetes, suggesting that compensatory mechanisms eventually become maladaptive [97, 105] . The interaction between the components of MS contributes to the development of a pro-inflammatory state, which leads to endothelial dysfunction, enhanced recruitment of monocytes within the arterial wall and the formation of unstable atherosclerotic plaques [113, 114] . MS and most of its components are associated with a higher prevalence of calcified atherosclerotic plaques in the coronary arteries and abdominal aorta and its diagnosis was significantly correlated with arteriosclerosis in all regions, including the cerebral small-vessels, extra-cranial carotid arteries, coronary arteries and abdominal aorta [115, 116] .
The vascular damage appears to be derived from a variety of changes in the adipose tissue due to MS, leading to a chronic inflammatory state. This, in turn, impairs vascular homeostasis by determining an unbalance between the protective effect of the nitric oxide pathway and the unfavorable action of the endothelin-1 system [91, 117] . The vascular dysfunction in obesity is not only limited to the endothelium but it also can involve the intimal and the adventitial layers. In the latter, the perivascular fat appears to be a source of pro-inflammatory and vasoactive factors that may contribute to endothelial and smooth muscle cell dysfunction [117] . Stepp et al. (2013) reported evidence of the microvascular remodeling in MS models. This remodeling is characterized by reduced lumen size, atrophy of the vascular wall and differentiation of the vascular smooth muscle, leading to vascular structure damage [118] . Kuliszewski et al. (2013) demonstrated that, in the presence of MS and DM, bone-marrow-derived endothelial progenitor cells develop similar marked functional impairment. Bone-marrow-derived endothelial progenitor cells represent one subset of progenitor cells and are mobilized to the postnatal circulation. These cells can differentiate into mature endothelial cells and, under tissue injury, facilitate vascular repair and tissue regeneration. The functional impairment of these cells limits their ability to restore perfusion to ischemic muscle and similar mechanisms may underlie the defective endothelial repair observed in cardiometabolic diseases and thus contribute to the increased cardiovascular risk in these populations [119] .
In a more critical analysis, each component of MS may contribute directly or indirectly to the development of cardiovascular diseases, and their combination carries additional risk. This strong relationship may hinder the understanding of the underlying mechanisms. Further studies are needed to better understand the relationship between the signaling pathways of MS and cardiovascular disease and may thus help identify the best treatment approaches.
Polycystic Ovary Syndrome
PCOS is characterized as a state of hyperandrogenism coupled with disordered gonadotropin secretion, which compromises follicle development in the ovaries; this phenomenon leads to menstrual irregularities, which can lead to infertility if they are not properly addressed [120] . PCOS affects approximately 5-10% of women of childbearing age and is often associated with IR and obesity; it is diagnosed in 28% of obese women and in only 5% of lean women [121, 122] .
PCOS has been proposed to be the ovarian manifestation of MS as it is closely related to IR and NAFLD, two hallmarks of MS [123, 124] . Insulin receptors are ubiquitously expressed in the ovaries, which under abnormal insulin signaling in theca cells, yields increased androgen synthesis [125] . PCOS symptoms, such as hirsutism and menstrual disorders, are more evident in obese women who have larger fat pads that have a higher pancreatic demand for insulin, which results in hyperinsulinemia [126] . This condition usually compromises translocation of the glucose transporter to the membrane due to serine phosphorylation of the insulin receptor β-subunit, which results in the inhibition of tyrosine residue autophosphorylation, causing reduced AKT phosphorylation [127, 128] . Despite being more pronounced in obese women, even lean women with PCOS exhibit IR [129] .
PCOS pathogenesis is multifactorial, and some evidence suggests that it is influenced by intrauterine exposure to excessive androgens [130] . It impairs the Hypothalamic-Pituitary-Ovarian (HPO) and hypothalamic-pituitary adrenal (HPA) axes, favoring the PCOS phenotype, which includes IR, hyperandrogenism, excessive luteinizing hormone secretion and reduced ovulation [131] [132] [133] . Likewise, postnatal factors are also implicated in this complex pathogenesis: the association between low birth weight and rapid catch-up growth, premature menarche and sustained augmented visceral fat pad, the main predictors of PCOS in young girls [130, 134] .
Regarding treatment, lifestyle modifications and drugs that alleviate other components of MS are usually efficient in PCOS management [135] . Metformin emerges as the most powerful, low-cost and effective approach in controlling PCOS and reducing infertility in adolescents and adult patients once these patients have IR. By reducing hepatic production of glucose, it lowers insulin secretion and restores the menstrual cycle, ovulation and fertility, given that hyperinsulinemia impairs HPO axis functioning [136] [137] [138] [139] .
Fetal Programming
Considering that the current obesity epidemic is a public health concern and encompasses different economical classes and age groups the resulting comorbidities and metabolic impairments might threaten future generations [3, 140] . Among women, approximately one third of pregnant women are obese in the USA. Thus, the maternal diet has been proposed as a cornerstone of adequate morphological and physiological fetal development, and excessive fat intake has been highly associated with gestational DM and hypertensive disorders. Moreover, offspring from obese mothers is usually heavier and more prone to develop the MS components in adult life [141] [142] [143] .
Recent studies have shown that the intrauterine milieu plays a crucial role in obesity pathogenesis, being as important as postnatal environmental factors [144] . Maternal health and nutritional status during gestation and lactation have long lasting effects upon central and peripheral systems that regulate energy balance in offspring [143] . A maternal diet rich in glucose, fatty acids and amino acids causes a predictive adaptation in the fetus once the developing organism considers the maternal diet as an indicator of the postnatal environment. Thus, permanent changes in fetal homeostasis with impairments in appetite control and neuroendocrine metabolism appear to be an attempt to guarantee fetal survival under a most likely adverse postnatal environment. These modifications in energy homeostasis circuits imprint obesity in adult life of the fetus [144] [145] [146] .
From the moment of conception, embryo physiology begins to be defined according to intrauterine conditions. The pattern of cellular division of the embryo is orchestrated by the amount and quality of nutrients obtained through the placenta. Fetal demands that are not fulfilled due to maternal malnutrition can alter fetal growth trajectory, causing future multiple complications [147] [148] [149] .
Experimental studies show that hyperphagia precedes obesity in the offspring of high-fat feeding dams, indicating hypothalamus programming [145, 150, 151] . Insulin appears to exert a huge influence upon hypothalamic programming as a previous study shows that insulin injections during gestation induce obesity in offspring. Likewise, leptin plays a crucial role in the promotion of appetite and energy balance [152] . The interplay between insulin and leptin, the so-called adipoinsular axis, is impaired in male offspring from pregestational obese dams [144, 153] . Male offspring exhibited IR and hyperinsulinemia at 3 months old, which blocked the capacity of leptin to reduce insulin secretion at the postprandial state. Consequently, hyperleptinemia developed, and the resulting hyperphagia and positive energy balance lead to obesity [153] [154] [155] .
Concerning pancreatic alterations, maternal intake of a high-fat diet during specific periods of gestation and/or lactation programs the physiology and metabolism of this organ with early life consequences [156] . Hyperglycemia and impaired development of pancreatic beta cells were observed in rat pups programmed with a high-fat diet during gestation [157] . In addition, maternal diet during gestation is more harmful to the pancreas than during the lactation period. Altered maternal nutrition during gestation increased beta cell mass and alpha cell mass followed by IR, islet hypertrophy and altered islet architecture and is as deleterious as a maternal high-fat diet during all of gestation and lactation [158] . High-fat programming during gestation impairs insulin secretion and reduces the immunoreactivity of Pdx1, which is essential for beta-cell differentiation. In the long term, these conditions can lead to beta cell failure and DM [159] .
Gestational DM can occur due to prediabetes prior to pregnancy or glucose intolerance during gestation, which is caused by augmented placental transport of glucose, insulin and other nutrients from the mother to the son [160] . Gestational DM causes expressive maternal hyperglycemia, which is followed by disorganization of beta cell cytoarchitecture and its secretory failure [161] . The combination of a diabetogenic tendency and metabolic stress during gestation can result in gestational DM and this mechanism can be transmitted from one generation to another [162] .
Excessive maternal nutrition also causes adverse hepatic remodeling as obesity and IR act as cornerstones in NAFLD development [163] . Enhanced lipolysis in adipose tissue from obese subjects generates FFAs that are directed to the liver, whereas IR favors hepatic lipogenesis and reduces hepatic oxidation of fats. These alterations cause hepatic accumulation of lipids, which impair liver function and structure [164] . Maternal high-fat feeding caused higher rates of hepatic steatosis with reduced expression of PPAR-alpha and increased expression of SREBP-1, consistent with impaired beta-oxidation and higher lipogenesis [165] . Pre-conception maternal obesity seems to maximize hepatic alterations as mitochondrial dysfunctions such as the reduction of carnitine palmitoyltransferase I (CPT-1) and fatty acid translocase (FAT)/CD36 expressions were exhibited by the offspring, implicating the insufficient transport of fatty acids across mitochondrial membranes. The activation of different PPAR isoforms by Bezafibrate in adult offspring addressed all hepatic features of maternal obesity, emerging as a beneficial and suitable approach [166] .
Conclusions
Overall, there is still no consensus on a precise MS definition as it is difficult to compare different populations worldwide. However, even if parameters for diagnosis differ among different ethnic groups or continents, the mechanisms by which IR and altered adipokine profile underpin the secondary findings are the same. This knowledge is essential for a suitable screening for MS and is crucial for the establishment of a more straightforward approach, minimizing the constraints of MS for the patient and drastically reducing treatment costs. 
